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1
PHOTOVOLTAIC STRUCTURES HAVING A
LIGHT SCATTERING INTERFACE LAYER
AND METHODS OF MAKING THE SAME

CROSS-REFERENCE TO RELATED
APPLICATIONS

This Application claims the benefit of PCT Application No.
PCT/US2011/038257 filed May 26, 2011 which claims pri-
ority to U.S. Provisional Patent Application Ser. No. 61/348,
709 filed May 26, 2010, the disclosures of which are incor-
porated herein by reference.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH

This invention was made with government support under
DE-FG08GO18067 awarded by the Department of Energy
(DOE). The government has certain rights in the invention.

FIELD OF THE INVENTION

The invention relates generally to photovoltaic cells (PV
cells) and methods for the fabrication thereof. More particu-
larly, the invention relates to a method of fabricating a light
diffusion (light scattering) layer in thin-film solar cells and
thin-film solar cells made using such methods.

BACKGROUND OF THE INVENTION

There is no admission that the background art disclosed in
this section legally constitutes prior art.

It would be advantageous to fabricate a light diffusion layer
in thin-film solar cells in order to improve the light absorption
in extremely thin absorber layers. Thin-film solar cells made
using such methods permit the use of much thinner absorber
layers and thus facilitate faster manufacturing and less use of
expensive absorber layers, thus lessening possible adverse
environmental impacts.

SUMMARY OF THE INVENTION

In a first aspect, there is provided herein a PV cell structure
that includes an integral light scattering layer. In another
aspect, there is provided herein a method of producing a PV
cell structure having an integral light scattering layer.

In a broad aspect, there is provided herein a photovoltaic
(PV) cell structure, comprising: at least a first layer comprised
of a first semiconductor material adjacent to a second layer
comprised of a second semiconductor material, the first semi-
conductor material having a first lattice constant, and the
second semiconductor material having a second lattice con-
stant which is different from the first lattice constant; and, at
least one light scattering interface layer configured to diffuse
or scatter light prior to entering one or more of the first and
second layers.

In certain embodiments, the light scattering interface layer
has been formed at a boundary between the first and second
layers of the semiconductor materials.

In certain embodiments, the light scattering interface layer
has been formed in the first layer of the first semiconductor
material.

In certain embodiments, the light scattering interface layer
has been formed in the second layer of the second semicon-
ductor material.
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In certain embodiments, the PV cell structure includes a
transparent conducting oxide (TCO) layer adjacent to the first
layer, and the light scattering interface layer has been formed
in the first layer.

In certain embodiments, one of the first and second layers
have been deposited under conditions that place one or more
of the first and second layers in compressive stress.

In certain embodiments, the light scattering interface layer
has a lattice structure elongated in a direction substantially
perpendicular to a plane defined by the first and second layers.

In certain embodiments, the first and second semiconduc-
tor materials have a lattice mismatch between each semicon-
ductor material’s crystal lattice constant sufficient to cause
the formation of the light scattering interface layer.

In certain embodiments, the first and second semiconduc-
tor materials have about a 5% lattice mismatch between each
semiconductor material’s crystal lattice constant.

In certain embodiments, the first and second semiconduc-
tor materials have about a 10% lattice mismatch between each
semiconductor material’s crystal lattice constant.

In certain embodiments, the lattice mismatch is between
semiconductor materials CdS and CdTe.

In certain embodiments, the light scattering interface layer
is comprised of CdS/CdTe, the light scattering interface layer
having a light scattering interface surface on the CdTe side of
the light scattering interface layer.

In certain embodiments, the PV cell structure comprises
glass/TCO/CdS/CdTe, and the light scattering interface layer
is formed between the TCO and CdS layers.

In certain embodiments, the PV cell structure comprises
glass/TCO/CdS/CdTe, and the light scattering interface layer
is formed between the CdS and CdTe layers.

In certain embodiments, the TCO layer comprises one or
more of: SnO,:F, ZnO:Al, In,O5:Sn.

In certain embodiments, the light scattering interface layer
has a thickness in the range of about 0.1 to about 0.5 microns.

In certain embodiments, the light scattering interface layer
has a thickness in the range of about 0.1 to about 0.25
microns.

In certain embodiments, the light scattering interface layer
comprises CdTe and has a thickness in the range of about 0.2
to about 0.5 microns.

In certain embodiments, the light scattering interface layer
has microvoids therein.

In certain embodiments, the light scattering interface layer
is characterized by about 20-50% void fraction.

In certain embodiments, the light scattering interface layer
is characterized by about 20-50% void fraction, with voids
sizes in a range from about 0.1 micron to about 1 micron.

In certain embodiments, a dielectric discontinuity is
formed with one or more of the first semiconductor material
and the second semiconductor material.

In certain embodiments, the PV structure includes a trans-
parent conducting oxide (TCO) layer, and a dielectric discon-
tinuity is formed with the TCO and the light scattering inter-
face layer.

In certain embodiments, the light scattering interface layer
has light scattering properties sufficient to cause incident light
rays to scatter or be deflected over a wide range of angles.

In certain embodiments, the light scattering interface layer
has been formed between a first layer comprised of'a CdS first
semiconductor material and a second layer comprised of a
CdTe second semiconductor material; the interface layer hav-
ing light scattering properties sufficient to cause incident light
rays to scatter or be deflected over a wide range of angles
when the scattered light rays enter the CdTe second semicon-
ductor material layer.
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In another broad aspect, there is provided herein use of a
light scattering interface layer in a photovoltaic (PV) cell for
fabrication of a solar cell.

In another broad aspect, there is provided herein a method
for making a light scattering interface layer for a photovoltaic
(PV) cell, comprising: depositing at least a first layer of a first
semiconductor material adjacent to a second layer of semi-
conductor materials to form a PV cell structure, the first and
second semiconductor materials having different crystal lat-
tice constants, and forming at least one light scattering inter-
face layer configured to diffuse or scatter light prior to enter-
ing one or more of the first and second layers.

In certain embodiments, the interface layer is formed by
heat treating the first and second layers such that the light
scattering interface layer is formed between adjacent surfaces
of the first and second layers.

In certain embodiments, the first and second layers are heat
treated at temperatures in the range of about 350° C. to about
420° C.

In certain embodiments, the first and second layers are heat
treated at temperatures in the range of about 350° C. to about
420° C. and in the presence of vapors of one or more of:
CdCl,, ZnCl,, HCl and Cl,.

In certain embodiments, at least one of the first and second
layers has been deposited under conditions that place one or
more of the first and second layers in compressive stress.

In certain embodiments, the light scattering interface layer
is formed in a layering growth process.

In certain embodiments, the light scattering interface layer
is formed using nanoparticles during a layering growth pro-
cess.

In certain embodiments, the light scattering interface layer
is formed by using a nanoink process.

In certain embodiments, the light scattering interface layer
is formed by a plasma process.

In certain embodiments, at least one of the first and second
layers are formed by a magnetron sputtering deposition pro-
cess.

In certain embodiments, the deposition is performed under
conditions that place one or more of the first and second layers
in compressive stress.

In certain embodiments, the compressive stress is applied
in a plane defined by the first and second layers whereby a
lattice is elongated in a direction perpendicular to the plane of
the first and second layers.

In certain embodiments, the PV cell structure comprises
glass/TCO/CdS/CdTe and the PV cell structure is heat treated
at temperatures of about 390° C. Also, in certain embodi-
ments, the CdS/CdTe interface layer has a light scattering
diffusion surface on the CdTe side of the interface layer.

In certain embodiments, microvoids are formed in the light
scattering interface layer.

In certain embodiments, the light scattering interface layer
has been formed between a first layer comprised of'a CdS first
semiconductor material and a second layer comprised of a
CdTe second semiconductor material; the light scattering
interface layer having properties sufficient to cause incident
light rays to scatter or be deflected over a wide range of angles
when the scattered light rays enter the CdTe second semicon-
ductor material layer.

In another broad aspect, there is provided herein a photo-
voltaic (PV) cell structure having a scattering interface layer,
made by one or more of the methods described herein.

In another broad aspect, there is provided herein a photo-
voltaic (PV) cell structure, comprising: a transparent con-
ducting oxide (TCO) layer; at least a first layer of a first
semiconductor material adjacent to the TCO layer; and, a
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light scattering interface layer that diffuses or scatters light
prior to entering the first layer.

In certain embodiments, the light scattering interface layer
has been formed at a boundary between the first layer and the
TCO layer.

In certain embodiments, the light scattering interface layer
has been formed in the first layer of the first semiconductor
material.

In certain embodiments, the first layer has been deposited
under conditions that places the first layer and the TCO layer
in compressive stress.

In certain embodiments, the light scattering interface layer
has a lattice structure elongated in a direction substantially
perpendicular to a plane defined by the first and second layers.

In certain embodiments, the first layer and the TCO layer
have a lattice mismatch to cause the formation of the light
scattering interface layer.

In certain embodiments, the first layer and the TCO layer
have about a 5% lattice mismatch.

In certain embodiments, the first layer and the TCO layer
have about a 10% lattice mismatch.

In certain embodiments, the PV cell structure comprises
TCO/CAS/CIGS/Mo/Glass or TCO/CdS/CIGS/Mo/metal
sheet or TCO/CdAS/CIGS/Mo/polymer, and the light scatter-
ing interface layer is formed between the TCO and CdS
layers. (CIGS refers to copper-indium-gallium-sulfur or sele-
nium).

In certain embodiments, the TCO layer comprises one or
more of: SnO,:F, ZnO:Al, In,O5:Sn.

In certain embodiments, dielectric discontinuity is formed
with the TCO and the light scattering interface layer.

In another broad aspect, there is provided herein a method
for making a light scattering interface layer for a photovoltaic
(PV) cell, comprising: providing at least a first layer of a first
semiconductor material adjacent to a transparent conducting
oxide (TCO) layer, and forming at least one light scattering
interface layer configured to diffuse or scatter light prior to
entering the first layer.

In certain embodiments, the interface layer is formed by
heat treating the first layer such that the light scattering inter-
face layer is formed between adjacent surfaces of the first
layer and the TCO layer.

In certain embodiments, the first layer is heat treated at
temperatures in the range of about 350° C. to about 420° C.

In certain embodiments, the first layer is heat treated at
temperatures in the range of about 350° C. to about 420° C.
and in the presence of vapors of one or more of: CdCl,, ZnCl,,
HCl and Cl,.

In certain embodiments, the light scattering interface layer
has been formed at a boundary between the first layer and the
TCO layer.

In certain embodiments, the light scattering interface layer
has been formed in the first layer.

In certain embodiments, the first layer has been deposited
under conditions that place the first layer in compressive
stress.

In certain embodiments, the first layer and the TCO layer
have a lattice mismatch sufficient to cause the formation of
the light scattering interface layer.

In certain embodiments, a dielectric discontinuity is
formed with the TCO.

In certain embodiments, the first layer is formed by a
magnetron sputtering deposition process.

In certain embodiments, the deposition is performed under
conditions that places the first layer in compressive stress.
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In certain embodiments, the compressive stress is applied
in a plane defined by the first layer whereby a lattice is
elongated in a direction perpendicular to the plane of the first
layer.

In certain embodiments, the PV cell structure comprises
TCO/CAS/CIGS/Mo/Glass or TCO/CdS/CIGS/Mo/metal
sheet or TCO/CdAS/CIGS/Mo/polymer, and the light scatter-
ing interface layer is formed between the TCO and CdS
layers. (CIGS refers to copper-indium-gallium-sulfur or sele-
nium).

In another broad aspect, there is provided herein a photo-
voltaic (PV) cell structure having a scattering interface layer,
made by one or more of the method described herein.

In another broad aspect, there is provided herein a photo-
voltaic (PV) cell structure having a scattering interface layer,
made by the one of the methods described herein.

Various aspects of this invention will become apparent to
those skilled in the art from the following detailed description
of'the preferred embodiment, when read in light of the accom-
panying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

The patent or application file may contain one or more
drawings executed in color and/or one or more photographs.
Copies of this patent or patent application publication with
color drawing(s) and/or photograph(s) will be provided by the
Patent Office upon request and payment of the necessary fee.

FIG. 1A is a schematic illustration of a CdTe/CdS thin-film
PV device structure, without a back contact. A gallium
Focused Ion Beam (FIB) can be used to expose the layers
from an angle of about 3° to the film surface, in preparation
for scanning electron microscope (SEM) imaging.

FIG. 1B is a plan-view scanning electron micrograph
(SEM) of the cell structure of FIG. 1A showing the rectan-
gular, FIB-exposed structure of the CdTe, CdS, TCO (Sn0O,),
and glass layers of a device deposited at 10 mTorr in a mag-
netron sputtering system prior to post-deposition heat treat-
ment in CdCl, vapors. The bright region near the bottom is
due to charging of the glass. There is no microporous layer
visible in this as-sputtered film structure. Highlighted areas
are shown in expanded view in FIGS. 2A, 2B, 2C and 2D.

FIG. 1C shows an SEM micrograph, of a sputtered CdTe/
CdS photovoltaic structure after CdCI12 activation with a FIB-
etched slices. A microporous layer is visible above the CdS
region. Expanded views are shown in FIGS. 2E-2F.

FIGS. 2A-2D. The regions shown in expanded views in
FIG. 2A through FIG. 2D correspond to the boxed areas of
FIG. 1B and start near the CdTe surface and ends near the
light scattering layer just before the CdS layer in as-sputtered
films.

FIGS. 2E-2F shows expanded SEM micrographs, of two
FIB-etched areas near the CdTe/CdS interface showing the
microporous structure that develops aver CdCl, annealing.
The PV structure was annealed in vapors of CdCl, after mag-
netron sputter deposition of the semiconductor layers.

FIG. 2E shows a region near the edge of the microporous
light scattering layer.

FIG. 2F shows a region near the center of the light scatter-
ing layer.

FIG. 3A is a graph showing the efficiency vs. CdTe thick-
ness for a series of cells with the structure of FIG. 1 and
suitable back contact. The average is for typically 15 cells. All
cells have a light diffusion layer included similar to FIG. 1C
and FIGS. 2E-2F. Note that about 8% efficiency is achieved
with only 0.25 microns of CdTe.

10

15

20

25

30

35

40

45

50

55

60

65

6

FIG. 3B shows current-voltage (I-V) characteristic of the
best cells shown in FIG. 3A.

FIG. 4A is a graph showing normalized open-circuit volt-
age (Voc) of the thin CdTe cells as function of accelerated life
testing (ALT) hours. ALT was performed at one sun, 85° C.,
room air.

FIG. 4B is a graph showing normalized efficiency of the
thin CdTe cells as function of accelerated life testing (ALT)
hours. ALT was performed at one sun, 85° C., room air.

FIG. 5 is a graph showing a transmission electron micro-
scope (TEM) image of complete CdS/CdTe cell structure,
including the copper/gold back contact, after fracturing to
obtain a cross-section.

DETAILED DESCRIPTION OF THE INVENTION

This invention describes the process of fabricating a very
thin light diffusion layer at the entrance to very thin semicon-
ductor absorber layers that can produce very strong light
diffusion. This strong light diffusion or scattering greatly
enhances the light absorption in absorber layers that are oth-
erwise too thin to absorb fully the incident light.

The method disclosed here is particularly suited to thin-
film solar cells. The inventors herein have discovered a
method that, in effect, can take advantage of the properties of
the deposited layers and is readily scalable to large areas
needed for thin-film solar cell manufacturing.

The present invention provides further benefits by reducing
the thickness of the absorber layers in thin-film solar cells.
For example, the reduced thickness of the absorber layers
provides a concurrent reduction in deposition time, less use of
expensive materials, and less use of materials that may have
environmental impacts.

In one aspect, there is described herein a method for mak-
ing a very thin, yet strong, light scattering, or light diffusion,
layer in an interior interface during the fabrication process of
a solar cell. In one embodiment, the thin diffusion layer is
fabricated using magnetron sputtering of the layers and a
subsequent heat treatment of the solar cell structure. In one
example, CdS/CdTe solar cells were fabricated on glass
coated with a transparent conducting oxide (TCO) layer.

Further, in certain embodiments, the magnetron sputtering
process can be performed under conditions that place the
layers in compressive stress. The compression is applied in
the plane of the deposited film such that the lattice is elon-
gated in the direction perpendicular to the film plane.

After the deposition of the materials to make the PV cell
structure, the PV cell structure (for example, glass/TCO/CdS/
CdTe) is heat treated, or annealed, at temperatures in the
range of about 350° C. to about 420° C. (in one embodiment,
atabout 390° C. for a glass/TCO/CdS/CdTe PV cell structure)
and in the presence of vapors of CdCl,. This post-deposition
heat-treating (also called herein annealing or activation) step
transforms the CdS/CdTe interface layer from being compact
with very few microscopic voids (about 0.1 to about 1
microns) in either the CdS or the CdTe layers, to a CdS/CdTe
interface layer in which a light scattering interface diffusion
layer appears in the CdTe side of the interface layer.

In certain embodiments, the inventors have found that the
light scattering interface diffusion layer is characterized by as
much as 50% void fraction, with void sizes in the range 0f 0.1
to about 1 micron. Also, in certain embodiments, the thick-
ness of the light scattering interface diffusion layer is about
0.1 to about 0.5 micron, and in certain embodiments, from
about 0.1 to about 0.25 microns. As a result, the CdS/CdTe
interface layer acquires very strong light scattering properties
that cause the light incident rays through the TCO and CdS
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layer to scatter or be deflected over a wider range of angles so
that the light rays will enter the CdTe layer at a wide range of
angles. Most of the scattered light rays will be directed at
large angles to the perpendicular to the interface layer. Con-
sequently, even in a very thin layer these light rays can be
nearly fully absorbed.

Use of the light scattering interface diffusion layer ina PV
cell allows for the fabrication of a solar cell with much thinner
absorber layers.

The size scale of the pores or voids may be slightly less than
to slightly more than the wavelength of sunlight in the media.
Consequently, the light scattering can be very strong and is
generally described by Mie scattering theory. That is, the light
scattering interface layer has light scattering properties suf-
ficient to cause incident light rays to scatter or be deflected
over a wide range of angles. In Mie scattering from micro-
voids or microinclusions of the size range from about 0.1 to 1
um, light is scattered over the full range of angles from the
forward direction (0 degrees) to the backward direction (180
degrees). For enhancing the PV efficiency, scattering near 90
degrees is especially beneficial.

The size of the voids or volumes with different dielectric
constant affects the amount of scattering. Thus, by use of the
process described herein, it is possible to control the amount
of scattering as needed for different wavelengths. For
example, in CdTe, the light scattering or diffusion is espe-
cially needed in the wavelength region just below the band
edge or roughly from 850 nm to 700 nm for CdTe layers of
about 0.25 microns.

EXAMPLES

The present invention is further defined in the following
Examples, in which all parts and percentages are by weight
and degrees are Celsius, unless otherwise stated. It should be
understood that these Examples, while indicating preferred
embodiments of the invention, are given by way of illustration
only. From the above discussion and these Examples, one
skilled in the art can ascertain the essential characteristics of
this invention, and without departing from the spirit and scope
thereof, can make various changes and modifications of the
invention to adapt it to various usages and conditions. All
publications, including patents and non-patent literature,
referred to in this specification are expressly incorporated by
reference.

The following examples are intended to illustrate certain
preferred embodiments of the invention and should not be
interpreted to limit the scope of the invention as defined in the
claims, unless so specified. The value of the present invention
can thus be seen by reference to the Examples herein.

Example 1

The inventors herein have fabricated high performance
solar cells with as thin as 0.25 microns of CdTe. The mor-
phology of the interfacial layer has been revealed by using a
scanning electron microscope image (micrograph) after an
ion beam etching process known as Low Incidence Surface
Milling (LISM) with a Focused Ion Beam (FIB) using Ga
ions.

Thin-film photovoltaic devices have a transverse scale of
up to a few meters but a thickness of only a couple of microns
or less. The morphological features observed in the thickness
dimension usually are not observed in the transverse dimen-
sion.

Micro-features in the thickness dimension are exposed into
planar view for regular electron microscopic studies. The
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inventors herein have observed, for example, that a 52 nm
thick bilayer of SnO, and buffer layer in TEC glass is
extended to about 1 micron (not shown). This method was
used to investigate the void morphology and void fraction
profile in sputtered CdTe/CdS thin-film devices. Unusual
changes are found to occur during standard “activation”
annealing with CdCl, near 390° C. A light scattering layer
with thickness of ~100 nm (0.1 micron) appears at the CdTe
side of the CdS/CdTe junction.

The inventors have also have studied CdTe/CdS structures
deposited at two different sputter geometries, normal inci-
dence and angle deposition at about 45° to a rotating sub-
strate. Films grown in the “classic” system were deposited
with a fixed target and substrate configuration at normal inci-
dence, and the films grown in the “AJA” system were depos-
ited at ~45° using a rotating substrate holder.

In various embodiments, different sputtering pressures
were used to achieve optimum cell performance; for example,
18 mTorr for the classic system and 10 mTorr for the AJA
system, and the inventors FIB-etched through the complete
device profile.

FIG. 1A is a schematic illustration of a CdTe/CdS thin-film
PV device structure, without a back contact. FIG. 1B shows
the rectangular, FIB-exposed structure of the CdTe, CdS,
TCO (Sn0O,), and glass layers of a device deposited at 10
mTorr in a magnetron sputtering system and prior to post-
deposition heat treatment in CdCl, vapors. The brighter
region near the bottom is due to charging of the glass. FIG. 1B
is a plan-view scanning electron micrograph of the cell struc-
ture of FIG. 1A and prior to annealing in vapors of CdCl,.
FIG. 1B has labeled the glass; the TCO (SnO,:F) layer; the
CdS layer; and, the CdTe layer.

FIG. 1C shows an SEM micrograph of a FIB-exposed
sputtered CdTe/CdS photovoltaic structure after CdCI2 acti-
vation. This device was fabricated using the AJA system at 10
mTorr to deposit 0.1 um CdS and 1.0 um CdTe also at 10
mTorr, followed with CdCl, process at 390° C. for 30 minutes
and Cu/Au metal contact deposition by evaporation. The
identification of various layers was done by Energy Disper-
sive x-ray Spectroscopy (EDS) linear scanning (not shown)
from the surface of CdTe along the FIB exposed slice until
glass, which identified the locations of CdTe/CdS and CdS/
SnO2 interfaces. The layer identification was also confirmed
by calculating the thicknesses of layers from the observed
SEM length, multiplying by tan (3°) and comparing to the
inventors’ in-situ optical thickness monitor data.

Expanded view micrographs of the CdTe layer of FIG. 1B
are shown in FIGS. 2A-2D (see, for example a, b, ¢, and d in
FIG. 1B) illustrating very compact polycrystalline film struc-
tures with evidence of grain boundaries in FIG. 2A near the
surface or top of the CdTe layer and compact grain boundaries
deeper into the CdTe.

FIG. 2E and FIG. 2F are expanded view micrographs ofthe
microporous light scattering layer that appears in FIG. 1C,
with FIG. 2F taken at the middle and FIG. 2E taken toward the
edge of the microporous light scattering layer, as shown in
areas “f” and “e” of FIG. 1C.

Such a light scattering interface layer appears in sputtered
devices for both Classic and AJA films with different shapes,
as shown in FIG. 2F. The light scattering interface layer
appears, not only in the device with 1.0 um CdTe layer as
shown in FIGS. 2A-2F, but also in devices with 2.4 pm and 0.7
pm CdTe.

FIGS. 1A-C and FIGS. 2A-2F show the effects of chloride
activation and film morphological changes where a 3° FIB
etch through a 2.2 ym CdTe (sputtered at 10 mT) exposes
grain and void morphology. Prior to CdCl, activation, minor
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voids are visible at grain boundaries, increasing toward the
surface, reaching void fraction, f, =~5%. After CdCl, activa-
tion, voids are more spherical in shape and void fraction,
f,=~8% is uniform through film (not shown). After activation,
0.1 um porous layer develops on the CdTe side of the CdS/
CdTe interface as shown in FIGS. 2E and 2F. It is to be
understood that, in certain embodiments, the void volume
fraction can be altered by altering the growth conditions.

The light scattering interface layer benefits light collection
in very thin CdTe by enhancing light scattering as the light
enters the CdTe absorber layer. While not wishing to be bound
by theory, the inventors herein now believe that a possible
mechanism for the generation of such a light scattering inter-
face layer is the ~10% lattice mismatch between CdS and
CdTe and the release of strain during the chloride activation
process. However, normal annealing in vacuum, air, or inert
atmosphere, without the presence of CdCl, may also produce
a light scattering layer if higher temperatures are used, e.g.,
about 450° C.

Example 2

The photovoltaic (PV) structures described herein exhib-
ited efficiencies in the 12% to 13+% ranges. Further, these PV
structures can thus be considered to be tunable, while provid-
ing a PV structure with reduced thicknesses.

FIG. 3A is a scatter plot of device efficiency as a function
of CdTe layer thickness for a photovoltaic structure in which
a light diffusion layer is included for PV structures similar to
those shown in FIGS. 2E-2F. FIG. 3A shows the efficiency vs.
CdTe thickness for a series of cells with the PV structure of
FIGS. 1A-1C having suitable back contacts. (The average is
for typically 15 cells). These PV structure can thus be formed
with a reduced CdS layer thickness and also facilitates the use
of'thinner CdTe layers. As can be seen, an efficiency of >11%
is achieved with a CdTe thickness of about 0.7 pm.

FIG. 3B shows current-voltage (J-V) characteristic of sev-
eral of PV structures with a variable CdTe thickness. The PV
structures above 1.1 micron were similar to 1.1 micron. Note
also that about 8% efficiency is achieved with only 0.25
microns of CdTe.

Example 3

FIG. 4A is a graph showing normalized open-circuit volt-
age (Voc) of the thin CdTe cells as function of accelerated life
testing (ALT) hours. ALT was performed at one sun, 85° C.,
room air. These ALT tests show that even though the device is
very thin and the back contact is very close to the main n/p
junction at the CdS/CdTe interface, nevertheless the device
voltage is stable after exposure to elevated temperatures and
when exposed to moisture. Stable Voc under ALT condition of
the thin CdTe cells with porous interface layer indicates good
junction quality despite of the large voids.

FIG. 4B is a graph showing normalized efficiency of the
thin CdTe cells as function of accelerated life testing (ALT)
hours. ALT was performed at one sun, 85° C., room air. These
ALT tests show that even though the device is very thin and
the back contact is very close to the main n/p junction at the
CdS/CdTe interface, nevertheless the device efficiency is
stable after exposure to elevated temperatures and when
exposed to moisture.

Example 4

FIG. 5 is atransmission electron microscope (TEM) image
of complete CdS/CdTe cell structure, including the copper/
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gold back contact, after fracturing to obtain a cross-section.
As can be seen, there is a significant sulfur concentration at
the back surface of the CdTe after CdCl, activation. Porous
CdS/CdTe interface is also observable.

Example 5

One method for making a light scattering interface layer
during a fabrication process for making a photovoltaic (PV)
cell, includes depositing at least one or more layers of semi-
conductor materials to form a PV cell structure, and heat
treating the PV cell structure to create an interface layer
between adjacent semiconductor materials that have different
crystal lattice constants.

In certain embodiments, the PV cell structure is heat
treated to substantially transform the interface layer from
having few microscopic voids to an interface layer having a
porous interface diffusion layer on at least one side of the
interface layer.

Example 6

An alternative method for making a light scattering inter-
face layer, during the fabrication process for a photovoltaic
(PV) cell, includes creating a nano-porous interface light
diffusing layer. The light scattering layer is formed between
two semiconductor layers where the two semiconductor
materials have a substantial crystal lattice mismatch under
conditions so that large numbers of microscopic voids form
on at least one side of the interface, thus creating a nano-
porous interface light diffusing layer.

Example 7

An alternative method for making a light scattering inter-
face layer, during the fabrication process for a photovoltaic
(PV) cell, includes where the light scattering layer is formed
or enhanced by post-deposition heat treatments

In certain embodiments, the post-deposition heat treatment
is done in an ambient atmosphere that promotes recrystalli-
zation. In on nonlimiting example, the ambient atmosphere
includes vapors selected from one or more of: CdCl,, ZnCl,,
HCl and Cl,.

Example 8

An alternative method for making a light scattering inter-
face layer, during the fabrication process for a photovoltaic
(PV) cell, includes where the light scattering layer is formed
in or at the boundary of a transparent conducting layer (such
as SnO,:F, ZnO:Al, In,0,:Sn) by controlling the deposition
to create a nano-porous layer.

This method is useful with both superstrate cells such as
glass/TCO/CdS/CdTe/back contact, and substrate cells such
as TCO/CdAS/CIGS/Mo/glass.

It is to be understood that there are a variety of ways to
control thin film growth to create nano- or micro-voids to
achieve a porous layer. The inventors herein wish to note that
the TCOs may notbe as effective as voids in CdTe because the
index of refraction of CdTe is about 3 whereas the TCO index
typically is 1.7 to 2.0 and the strength of the light scattering
depends on the dielectric discontinuity between the medium
and the void which has index of 1.
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Example 9

An alternative method for making a light scattering inter-
face layer, during the fabrication process for a photovoltaic
(PV) cell, includes where the light scattering layer is formed
by controlling the conditions of deposition to form nano-
inclusions with a dielectric constant significantly different
from the surrounding medium.

It is to be understood that, in vapors and plasmas it is often
possible to control conditions so that there is homogeneous
nucleation in the vapor or plasma which creates “dust” par-
ticles that get incorporated into the film. For example, normal
semiconductor growth can be interrupted while a different
gas or vapor is introduced long enough to create the layer with
inclusions or inclusions plus voids.

Example 10

An alternative method for making a light scattering inter-
face layer, during the fabrication process for a photovoltaic
(PV) cell, includes where the light scattering layer is formed
in a layering growth process. In one non-limiting example, a
liquid phase growth process such as electrodeposition or
chemical bath deposition can be temporarily adjusted to cre-
ate homogeneous nucleation in the liquid or seeded with
nanoparticles in order to deposit a thin, light diffusion layer
surrounded on both sides by normal film material.

Example 11

An alternative method for making a light scattering inter-
face layer, during the fabrication process for a photovoltaic
(PV) cell, includes where the light scattering layer is formed
using nanoparticles during a layering growth process. In one
non-limiting example, the normal physical vapor deposition
process (sputtering, evaporation, close spaced sublimation,
etc), can be temporarily seeded with nanoparticles of difter-
ent material to create a thin light diffusion layer.

Example 12

An alternative method for making a light scattering inter-
face layer, during the fabrication process for a photovoltaic
(PV) cell, includes where the light scattering layer is formed
by using a nanoink process. For example, this method can be
used for growth processes in which the semiconductor layers
are deposited near atmospheric pressure with an ink jet pro-
cess and the thin light diffusion layer is created by seeding the
ink with particles of different refractive index.

Example 13

The method described herein creates an interface between
two semiconductor materials that have different crystal lattice
constants. It should be understood that the crystal lattice
constants may be determined in a manner thatis acceptable in
the industry. It should be further understood that the term
“crystal lattice constant” can be generally described as peri-
odic arrangements of atoms in three dimensions, where the
lattice constant is the length of periodicity of the lattice, i.e.,
the minimum distance at which the lattice repeats itself. For
example, the lattice mismatch between CdS and CdTe is
about 10%.
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Examples of Lattice Constants
Element or
Compound Name Lattice Constant at 300K (A)
Al Aluminum 4.050
Ge Germanium 5.64613
Si Silicon 5.43095
SiC Silicon carbide a=3.086;c=15.117
GaAs Gallium arsenide 5.6533
GaN Gallium nitride a=3.189;¢c=5.185
GaP Gallium phosphide 54512
GaSb Gallium antimonide 6.0959
InAs Indium arsenide 6.0584
InP Indium phosphide 5.8686
InSb Indium antimonide 6.4794
In, 0, Indium oxide 10.117
Cds Cadmium sulfide 5.8320
CdS Cadmium sulfide a=4.160;c=6.756
CdSe Cadmium selenide 6.050
CdTe Cadmium telluride 6.482
Zno Zinc oxide 4.580
ZnS Zine sulfide 5.420
ZnS Zinc sulfide a=3.82;¢c=06.26
PbS Lead sulfide 5.9362
PbTe Lead telluride 6.4620
SnO, Tin oxide a=4.737;¢c=3.186

While the invention has been described with reference to
particular embodiments, it should be understood by those
skilled in the art that various changes may be made and
equivalents may be substituted for elements thereof without
departing from the essential scope of the invention. In addi-
tion, many modifications may be made to adapt a particular
situation or material to the teachings of the invention without
departing from the essential scope thereof. Therefore, it is
intended that the invention not be limited to the particular
embodiments disclosed herein contemplated for carrying out
this invention, but that the invention will include all embodi-
ments falling within the scope of the claims.

What is claimed is:

1. A photovoltaic cell comprising:

a first semiconductor layer configured to absorb a first
portion of incident light rays and permit a second portion
of incident light rays to pass therethrough;

a second semiconductor layer configured to absorb a wave-
length range of the second portion of incident light rays,
at least one of the first and second semiconductor layers
being annealed; and

a light scattering interface region formed within one or
more of the first and second semiconductor layers at an
interface, the light scattering interface region including
inclusions configured as one of particulates and voids,
the inclusions configured to scatter a wavelength of one
of'the first and second portions of incident light rays, the
inclusions being formed in the one or more of the first
and second semiconductor layers during annealing such
that the inclusion size is generally equal to the wave-
length range of one of the first and second portions of
incident light rays;

wherein the first semiconductor layeris a CdS layer and the
second semiconductor layer is a CdTe layer, the CdTe
being annealed such that the light scattering interface
region is formed in the CdTe layer adjacent to the CdS
layer, the light scattering interface region having voids
extends from about 20% to about 50% of the CdTe layer
thickness,

the first and second semiconductor material layers exhib-
iting a compressive stress in a plane defined by the first
and second semiconductor material layers, and
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the light scattering interface region forming a lattice that is
elongated in a direction perpendicular to the plane of the
first and second semiconductor material layers.

2. The photovoltaic cell of claim 1, wherein the voids are in
a size range of about 0.1 microns to about 1 micron.

3. The photovoltaic cell of claim 1, wherein the first semi-
conductor layer is a CdS layer, and the second semiconductor
layer is a CdTe layer deposited such that the CdTe layer has a
compressive stress.

4. The photovoltaic cell of claim 3, wherein the CdTe layer
has a thickness in the range of 0.2 microns to 2.4 microns.

5. The photovoltaic cell of claim 1, wherein the CdTe layer
is annealed in the presence of CdCl,.

6. The photovoltaic cell of claim 1, wherein the first and
second semiconductor layers have a lattice mismatch of about
10%, and the inclusions are voids formed in conjunction with
a CdCl, annealing process.

7. A photovoltaic cell comprising:

a first semiconductor layer configured to absorb a first
portion of incident light rays and permit a second portion
of incident light rays to pass therethrough;
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a second semiconductor layer configured to absorb a wave-
length range of the second portion of incident light rays,
at least one of the first and second semiconductor layers
being annealed; and

a light scattering interface region formed within one or
more of the first and second semiconductor layers at an
interface, the light scattering interface region including
inclusions configured as one of particulates and voids,
the inclusions configured to scatter a wavelength of one
of'the first and second portions of incident light rays, the
inclusions being formed in the one or more of the first
and second semiconductor layers during annealing such
that the inclusion size is generally equal to the wave-
length range of one of the first and second portions of
incident light rays;

wherein the first semiconductor layer is a CdS layer, and
the second semiconductor layer is a CdTe layer depos-
ited such that the CdTe layer has a compressive stress
wherein the CdTe layer has a thickness in the range of
0.2 microns to 2.4 microns; and,

wherein the light scattering interface region is formed
within the CdTe layer, the light scattering interface
region having a void fraction of about 8%.
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